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Abstract we present a method of identifying the tropical tropopause transition layer (TTL) using chemical
tracer-tracer relationships. Coincident ozone (O3) and water vapor (H,0) measurements over Alajuela,
Costa Rica (~10°N), in July and August 2007 are used to demonstrate the concept. In the tracer-tracer
space, the O3 and H,O0 relationship helps to separate the transition layer air mass from the background
troposphere and stratosphere. This tracer relationship-based transition layer is found to span an approximately
40K potential temperature range between 340 and 380K and is largely confined between the level

of minimum stability (LMS) and the cold point tropopause (CPT). This chemical composition-based
transition layer is, therefore, consistent with a definition of the TTL based on the thermal structure, for
which the LMS and CPT are the lower and upper boundaries of TTL, respectively. We also examine the
transition layer over the region of Asian summer monsoon (ASM) anticyclone using the measurements
over Kunming, China (~25°N), and compare its behavior with the TTL structure in the deep tropics. The
comparison shows that the transition layer over the ASM is similar to the TTL, although the data suggest
the ASM transition layer lies at higher potential temperature levels and is potentially prone to the influence
of extratropical processes.

1. Introduction

Although the troposphere and the stratosphere are separated by the tropopause, the thermodynamic
transition from the troposphere to the stratosphere in the tropics occurs in a layer of several kilometers
[Highwood and Hoskins, 1998]. Most notably, a change in vertical stability occurs at ~12 km, near the level of
the maximum meridional velocity of the Hadley cell [Palmén and Newton, 1969]. To note the significance of
this change, Palmén and Newton [1969] named this level the secondary tropical tropopause (STT). The layer
between STT and the thermal tropopause (here the differences between the cold point tropopause (CPT) and
the lapse rate tropopause (LRT) are neglected) near 16-17 km is later defined as the tropical tropopause layer
(TTL) [Haynes and Shepherd, 2001; Sherwood and Dessler, 2001]. Alternatively, the TTL is also defined as the
tropical transition layer [Holton and Gettelman, 2001]. Note that the concept of the tropical transition layer has
a longer history, extending almost two decades before the TTL was formally defined [Atticks and Robinson,
1983; Highwood and Hoskins, 1998]. For the remainder of the paper, we will use the acronym “TTL"
interchangeably to describe this region.

A significant body of work in the last decade has focused on the study of TTL, motivated largely by the
need to better understand stratospheric water vapor trends. From the chemical transport perspective,
it was recognized that the properties of the TTL, instead of the CPT, control the water vapor transport
into the stratosphere [Holton and Gettelman, 2001; Sherwood and Dessler, 2001; Folkins, 2002; Fueglistaler
et al.,, 2009]. Over the last decade, studies of the thermodynamical, chemical, and microphysical structure
of the TTL have expanded to include, for example, the role of convective transport in the upper
tropospheric and lower stratospheric chemical composition, how it couples to the Brewer-Dobson
circulation in the lower stratosphere, and competing transport processes, such as the Asian summer
monsoon (ASM) circulation.

PAN ET AL.

©2013. American Geophysical Union. All Rights Reserved. 3586


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-8996
http://dx.doi.org/10.1002/2013JD020558
http://dx.doi.org/10.1002/2013JD020558

@AG U Journal of Geophysical Research: Atmospheres 10.1002/2013JD020558

This work is motivated, foremost, by the need for a better conceptual understanding of the TTL. In particular,
although the existence of two TTL definitions, the tropical tropopause layer [Sherwood and Dessler, 2001] and
the tropical transition layer [Holton and Gettelman, 2001], is acknowledged [Fueglistaler et al., 2009], the
conceptual differences between the two are generally obscure. The motivation of this work is to examine the
physical implications of the definitions using chemical tracer observations.

The distinction between definitions of the TTL is most readily defined in terms of the upper and lower
boundaries. Although the TTL boundaries are stated in broad terms in many published works, the following
two are the best described definitions and reflect the two subtly different conceptual models. A mass flux-
based definition has been described and reiterated by Folkins [2002], Fu et al. [2007], and Fueglistaler et al.
[2009], hereafter the “mass-flux definition.” A temperature structure-based definition has been proposed and
described in Gettelman and de F. Forster [2002], hereafter the “thermal definition.”

The mass-flux definition defines a “tropical tropopause layer” (i.e. a layer that serves as a boundary), across
which the air mass on average enters the stratosphere. The lower and upper boundaries of this TTL
were first estimated to be 356 K (~15.0 km) and 375K (~16.6 km) in recognition of the fact that in this
region, the mass fluxes for the Hadley (tropospheric) and Brewer-Dobson (stratospheric) circulations are of
comparable magnitude [Folkins, 2002]. These levels were later refined based on radiative mass flux
calculations [Fu et al., 2007]. The lower boundary was redefined to be the tropically averaged level of zero
net radiative heating for full sky (150 hPa or 14 km) [Fueglistaler et al., 2009] and the upper boundary was
redefined to be the level at which the local mass flux becomes comparable to that of the Brewer-Dobson
circulation (70 hPa or 18.7 km) [Fu et al., 2007] (Note that the zero net radiative heating for full sky is
significantly different from that of the clear sky conditions, ~14 km versus 15.5 km, see Fueglistaler et al.
[2009] for citations). These boundaries are based on averaged conditions that utilize both local (e.g.,
temperature and wind at the upper boundary) and nonlocal (e.g., radiative heating from tropical mean
cloud distribution) information.

The thermal definition defines a “tropical transition layer” (i.e., a layer that is a transition zone), in which
the background thermodynamic structure transitions between the convectively dominated troposphere and
the radiatively controlled stable stratosphere. In this definition, the boundaries are identified by the
temperature profiles and derived lapse rates: The cold point tropopause and the level of minimum stability
are defined as the upper and lower boundaries, respectively. This definition follows the long history of
tropical observations [Palmén and Newton, 1969; Atticks and Robinson, 1983; Highwood and Hoskins, 1998;
Haynes and Shepherd, 2001] that lead to the formal definition of the TTL. The boundaries in this case are
locally defined and can be derived from instantaneous measurements.

The goal of this work is to examine the relationship between the vertical structure of the chemical tracers
and the thermal and dynamical boundaries of the TTL. Using the chemical tracers, we aim to identify a
chemically “measurable” TTL, i.e., a physical layer within which the air mass composition is distinct from the
troposphere below and the stratosphere above. The boundaries of this layer should therefore be marked
by the change of the air mass’ chemical composition. We examine the layer so defined in relation to the
thermally and dynamically defined TTL boundaries. This analysis directly shows whether a defined
boundary appears to be physical, i.e.,, marks the discontinuity in chemical composition and is therefore
relevant to chemical transport.

The approach we use is the method of tracer-tracer correlation, which has been successful in identifying
the transition layer in the extratropics [Fischer et al., 2000; Hoor et al., 2002; Pan et al., 2004, 2007a, 2007b;
Hegglin et al., 2009]. In this work we explore the application of the method in the tropics. This is an empirical
method derived from the observed generally compact relationship between a stratospheric tracer and a
tropospheric tracer in the tracer-tracer space across the upper troposphere and lower stratosphere (UTLS).
This relationship is approximately “L” shaped, with a compact tracer-tracer relationship for the stratospheric
and tropospheric air masses, which are often referred to as “the stratospheric branch” and “the tropospheric
branch,” respectively. The transition between the two branches defines the shape of the corner of the L. An
air mass’ position in the tracer-tracer space provides its identity, i.e., whether it belongs to the stratosphere, to
the troposphere, or should be considered transitional. When combining this analysis with the geometric
space and dynamical information, it is an effective way to identify where the transition happened and what
dynamical structure is associated with an air mass boundary.
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We use ozone (O3) and water vapor (H,0) from balloon soundings for tracer correlation analyses because
this type of measurement has sufficient vertical sampling range in both the stratosphere and troposphere. O3
is used as a stratospheric tracer and H,O as a tropospheric tracer. The vertical profiles of both tracers are
found to be a useful indicator of convection in the tropics [Kley et al., 1996, 2007; Folkins et al., 2002]. While
most previous studies have used the average behavior of these trace gas profiles, we use the correlative
relationship of the pair and examine their structure relative to the colocated dynamical boundaries.

It has been recognized in recent years that the ASM anticyclone is a significant transport pathway for
water vapor and pollutants to enter the stratosphere, bypassing the tropical tropopause [Dethof et al., 1999;
Randel et al., 2010]. Recently, paired O3/H,0 soundings of the ASM region have become available [Bian et al.,
2012]. These data allow us to pursue an additional goal of this work, which is to compare and contrast the
characteristics of the transition layer in the deep tropics with the ASM region, which is outside the tropics if
using the geographic latitude criterion. In particular, we are interested to find if dynamically consistent
definitions of the TTL apply in these two dynamically distinct regions.

2. Data From Two Selected Campaign Locations

The O3 and H,0 data used in this analysis are from Cryogenic Frostpoint Hygrometer (CFH) and electrochemical
concentration cell (ECC) ozonesondes from ground-based balloon-borne soundings. The payload also includes
various models of Vaisala radiosondes. Thus, these measurements provide profiles of water vapor, ozone,
pressure, temperature, and wind from the surface up to ~25 km altitude. The CFH H,O uncertainty is estimated
to be ~10%. Detailed descriptions are given in Vémel et al. [2007]. The ECC ozonesonde is described by Komhyr
[1969]. The ozone uncertainty is typically within 5-10% but is estimated to be larger (~10-15%) in the tropical
tropopause region [Smit et al., 20071. The original sounding data have ~10 m vertical sampling intervals. For
our analyses, the profiles are processed by a binned average at 250 m intervals. This filtering removes high-
frequency noise in the data and creates a regular altitude grid.

This analysis uses O3 and H,O data from two field campaigns. The first data set is from the Tropical
Composition, Cloud and Climate Coupling Experiment (TC%, which was a multi-aircraft research campaign
conducted during July and August 2007 [Toon et al., 2010]. During the experiment, 16 pairs of CFH/ECC water
vapor and ozone payloads were launched from Alajuela, Costa Rica (10°N, 84.2°W). Of these, 14 provided
coincident soundings of H,O and O3 up to the cold point and contributed to this analysis. The details of the
launch conditions and associated experimental specifics are given in Selkirk et al. [2010].

The second data set is from the Sounding Water Vapor, Ozone, and Particle (SWOP), which was a multiyear
ground-based sounding campaign in the ASM region. Eleven pairs of H,0/03 soundings from Kunming,
China (25.0°N, 102.7°E) from the first phase of this project in August 2009 are used in this analysis. Specifics of
the Kunming experiment and the launch conditions can be found in Bian et al. [2012].

The two campaign locations are significantly different geographically which translates to very different
climatological backgrounds. Alajuela is a near-equatorial tropical location and located in the Central Valley of
Costa Rica at an elevation of 890 m. In this work, we consider the location as representative of the “deep
tropics.” Kunming, China, on the other hand, is a subtropical location on Yungui Plateau at an elevation of
1890 m. The UTLS structure over Kunming is tropical during boreal summer, as indicated by the high
tropopause (shown later in Figure 2), which is also consistent with the seasonal location of the ITCZ [e.g.,
Lawrence and Lelieveld, 2010, Figure 5]. In this work, we refer to the location as “ASM” and contrast the UTLS
behavior of this region with that in the “deep tropics.” In relation to the ASM UTLS dynamical structure,
Kunming is at the southeast edge of the anticyclone [Bian et al., 2012]. While the anticyclone is dynamic and
displays intraseasonal variability, data analysis reveals that the soundings are mostly measured inside of the
anticyclone. These factors should be kept in mind when comparing the two groups of soundings.

3. Temperature, Ozone, and Water Vapor Profiles

We begin the analysis with the temperature profiles and background thermodynamical structure. Theory and
modeling studies suggest that the temperature structure in the tropical lower atmosphere represents
radiative-convective equilibrium [Held, 1982; Thuburn and Craig, 2000]. As part of the radiative-convective
balance, the top of the convective influence is often several kilometers below the cold point. A transition
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Figure 1. Tc* campaign (2007, Alajuela) temperature (T), potential temperature (¢) and static stability (as represented by
dé/dz) profiles. In each profile, two critical levels can be identified: the cold point tropopause (CPT) is identified by the
temperature minimum and the level of the minimum stability (LMS) is identified by the minimum of d6/dz. The mean CPT
and LMS levels are shown as the blue and orange dash lines, respectively. The red lines indicate the mean profiles. A total of
14 profiles is included.

layer extends from the top of the convection to the cold point, influenced by both stratospheric and
tropospheric processes [Thuburn and Craig, 2002]. The cold point tropopause marks a sharp increase in
stability, above which the potential temperature profile is close to radiative equilibrium. The level of
minimum stability marks the departure from the convective equilibrium and has been considered as the
secondary tropical tropopause [Palmén and Newton, 1969; Atticks and Robinson, 1983; Gettelman and de F.
Forster, 2002]. Note that this level in general is below the level of neutral buoyancy (LNB) [Paulik and Birner,
2012], which is associated with the level of maximum detrainment and the upper extent of convective cloud
tops [Folkins, 2002; Takahashi and Luo, 2012].

Figure 1 displays the temperature (T), potential temperature (), and the derived potential temperature
gradient profiles (d/dz, instead of the lapse rate profile, —d6/dz) for the 14 TC* profiles. Using these thermal
profiles, the two levels that separate the above mentioned dynamical regions are readily identified: the
CPT by the minimum in the temperature profile and the level of minimum stability (LMS) by the minimum of
dé/dz profile. The averages and the ranges of variability (as represented by the minimum and maximum) for
the two levels are also shown in Figure 1. The T profiles are fairly compact, resulting in an average CPT altitude
of 16.6 km and a CPT potential temperature of 375.1 K. (Note a much larger set of measurements over the
same time period is discussed in Pfister et al. [2010]. The CPT altitude reported there is 16.8 + 0.7 km and the
average CPT 6 was 379.7 + 13K.) The LMS shows greater variability, but averages to an altitude of 12.4 km
(346.9 K). This is consistent with a known feature for the deep tropics and has been shown to be consistent
with the sea surface equivalent potential temperature distributions [Folkins et al., 1999; Folkins, 2002].

As a contrast for the ASM region, Figure 2 shows T, 6, and d6/dz profiles from the Kunming soundings. The
structure of the Kunming profiles shares common features with that of the Alajuela profiles. In particular, the
Kunming profiles have a well-defined CPT in the altitude range of the tropical tropopause, i.e., higher than

30 T T T 30 T T T T T T 30
CPT, 392.6 K
25 25
-~ 20 20
E I+ _ o o _____
=
§ 15 15}
]
< 10} 10}F
5F 5¢
0 L L L 1 L 0 L L L L L L 0 1 L L L L
180 200 220 240 260 280 300 300 350 400 450 500 550 600 650 -10 0O 10 20 30 40 50
Temperature (K) Potential Temperature,t (K) do/dz (K/km)

Figure 2. Same as Figure 1 but for the 2009 Kunming data. A total of 11 profiles is included.
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Figure 3. Distributions of the LMS and the CPT in potential temperature and altitude. In each panel, TC* distribution is
shown in color, and Kunming distribution is shown in black.

15 km defined in Seidel and Randel [2007], indicating that the ASM region, although geographically outside
the tropics, is “tropical-like” in summer. The static stability profiles show pronounced differences between
the two regions in the stratosphere. The Alajuela profiles have a gradual increase in stability above the CPT,
while the Kunming profiles have significantly higher stability right above the CPT and relatively constant
stability for several kilometers of altitude into the lower stratosphere. This latter behavior is known to be a
characteristic of the subtropics [Birner, 2006; Grise et al., 2010].

The most striking difference between the two regions, however, is the much higher average potential

temperature and altitude of the CPT in the Kunming profiles. While the average CPT temperatures are similar,

the Kunming CPT potential temperature and altitude averages are approximately 17 K and 1 km higher

than TC*/Alajuela. This is also a known feature [Dethof et al., 1999] that makes the vertical transport in ASM

an effective pathway to bypass the tropical tropopause and acting as a competing pathway. While the LMS

at Alajuela is typical of a tropical location, the level of main convective outflow in the ASM region is not
well known and is a subject of
ongoing research. In this small data
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Figure 4 shows TC* H,0 and O; profiles
from Alajuela, including 14 individual
soundings and the mean profile. Also
displayed are the mean CPT and LMS
levels. While these profiles were previously published [Selkirk et al., 2010], they are included here to provide a
conceptual link between physical space and the tracer-tracer relationships shown later. Similarly, Kunming
profiles, shown in Figure 5, were also previously published [Bian et al., 2012], which includes the comparisons
of the two sets of profiles (TC*/Alajuela and SWOP/Kunming) with a focus on the H,O profiles. The mean H,0
profiles from the two data sets are similar. The stratospheric H,O distributions (375-500 K potential
temperature range) from the two data sets largely overlap with each other. The stratospheric O3 profiles are
also very similar in the two data sets. The most notable difference between the two data sets is the
tropospheric ozone distribution and the “shape” of the upper troposphere ozone profiles. The Kunming data
set shows a higher tropospheric O3 mixing ratio, which is discussed later in section 4. The shapes of the two
tropospheric mean ozone profiles are also different. The TC* profile is approximately “s” shaped (or “seahorse”
shaped), with a clear decrease near and above the LMS. This feature is not clearly present in the Kunming
mean profile. This type of upper tropospheric ozone minima is known to be the result of convection,
especially over an oceanic boundary layer [Folkins et al., 2002]. The ozone minimum is an indication of the
main convective outflow level. Although both campaigns measured convective influence, the different
boundary layer ozone levels, which are apparent in Figures 4 and 5, are largely responsible for the different
mean profile shapes.

Figure 5. Water vapor and ozone profiles from Kunming on August 2009.
The red line represents the mean profile. An anomalous profile sampled on
7 August is shown in cyan. For details see section 5.

Note that there is an anomalous profile (indicated in cyan in Figure 5) in Kunming soundings that is
particularly evident in the water vapor profile (Figure 5, left). The dynamical condition that contributed to the
anomalous middle tropospheric behavior is discussed later.

4. Method of Determining Transition Layer Using Tracers

As documented in previous studies, in the tracer-tracer space, the UTLS O3 and H,O form an L-shaped
relationship [e.g., Pan et al., 2007a, 2007b]. This relationship provides an effective diagnostic for identifying
the transition across the tropopause based on air masses’ chemical composition. This method has been used
to identify tropopause transition layers in the extratropics. In this section we demonstrate the application of
this method for identifying the tropical tropopause transition layer using the O3 and H,O data from the two
data sets.

The general concept is that relative to the troposphere, the lower stratosphere H,O has small variability
due to the lack of sources (here we consider the H,0 production from methane oxidation to be negligible in
the LS). Similarly, tropospheric O3 has small variability relative to the stratosphere. The small variability of
stratospheric tracers in the troposphere and tropospheric tracers in the stratosphere is a key factor leading to
the compact L-shaped relationship of the two tracers in the UTLS. The compact relationship serves as the
basis for analyzing the troposphere to stratosphere transitional behavior near the corner of the L, where the
tracer relationship departs from the stratospheric and tropospheric relationship.

The empirical separation between the background air mass, i.e., the air masses that form the stratospheric or
tropospheric branches of the L, and the air mass influenced by mixing between the two layers, in general,
requires the specification of maximum values of the stratospheric tracer (Os) in the troposphere and the

PAN ET AL.

©2013. American Geophysical Union. All Rights Reserved. 3591



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2013JD020558

04 03 j [ '
1
, 80 ppbv
Lol
03f 1 [ .
z 7 02| nn b
3 8 1 h
Q 3 !
g. g_ 1 1 1
g o2f 1 8 77
& 'S
= - I ¥ 1
3 € o1l ! Vo 1
I [T
01| 1 I v],
’ v
’ Mo
0.0 0.0la? 7 N2 R S
b 9 0 50 100 150 200
Water Vapor (ppmv) 0Ozone (ppbv)

Figure 6. Distributions of stratospheric water vapor mixing ratios and tropospheric ozone mixing ratios from the mea-
surements. Black dash curves indicate the conceptual model of the background approximated by a Gaussian function,
and in-mixing air mass from the other side of the tropopause shown as the tail. The intersection point is chosen as
the upper limit of stratospheric (tropospheric) background air mass using water vapor (ozone), indicated by the red dash
line. In this case, the cutoff is chosen to be 5.5 ppmv of H,O and 80 ppbv of Os.

tropospheric tracer (H,0) in the stratosphere. Figure 6 demonstrates a conceptual model of how the choices
of maximum values are made using distributions of stratospheric H,O and tropospheric O5 from the TC* data.
The stratospheric (tropospheric) data points are selected as above (below) the CPT.

As shown in the figure, the distributions of both tropospheric Os and stratospheric H,O may be approximated
by a Gaussian distribution with a “tail.” Conceptually, the Gaussian distribution represents the background
and the tail on the high-value side of the distribution indicates the influence of the mixing from the other side
of the tropopause. We choose the critical value from the point where the tail intersects the Gaussian curve.
Due to small sample size, the Gaussian curves (and the outlier lines) shown in Figure 6 were not derived
mathematically but were fit by eye to illustrate the concept. The intersecting points of the two populations
are approximately at 5.5 ppmv of H,O and 80 ppbv of Os. We designate the two upper limits to be H,O, and
O3;. Subsequent analyses show that the final result is relatively insensitive to small variations of the cutoff
values (see section 6).

Figure 7 shows the distribution and selection of critical values for the Kunming campaign data, using
the same method although the Gaussian curve and a tail are not shown on the figure. The result shows
that H,O provides similar cutoff value (H,Os=5.5 ppmv) for the stratospheric background. The O3
distribution, however, shows a higher cutoff value (O3,=90 ppbv) for Kunming, possibly the result of a
more polluted background.

Based on the cutoff values, the background stratospheric/tropospheric parcels and transitional air mass are
separated as shown in Figure 8. Specifically, the tropospheric background is selected by O3 < O3; and

H,0 > H,0;. The stratospheric background is selected to be O3 > O3, and H,0 < H,0;. In the tracer space, the
transitional air mass appears near the corner of the L with concentrations in general above the cutoff values
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Figure 7. Stratospheric water vapor and tropospheric ozone distributions for the Kunming data set. The red dashed line
indicates the choice of cutoff values.
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Figure 8. (left column) O3-H,O0 relationship in the vicinity of the tropopause and (right column) the tracer-based transition
layer in potential temperature space for TC* and Kunming. In the left column, background and transitional air masses are
color coded in gray and purple, respectively. The right column show the potential temperature distribution of the air mass
identified as part of the transition layer (the purple/cyan points from the left column). The tropospheric background is
selected by O3 < O3; and H,0 > H,0,. The stratospheric background is selected by O3 > O3 and H,0 < H,0O,. O3¢ and
H,Oq are the tropospheric and stratospheric cutoff values shown in Figures 6 and 7. The points in cyan are identified
transitional air mass from the anomalous profile (Kunming 7 August sounding) and will be discussed in section 5.

for both tracers. A small group of measurements from a single sounding contributed to air masses that
appear in O3 < 03¢ and H,0 < H,O; part of the tracer-tracer space. A trajectory study attributes this
anomalous profile to the influence of convective lifting over the western Pacific and it has been discussed
in Bian et al. [2012].

In the potential temperature space, the transitional air mass forms a layer of approximately 40K. The layers
from the two data sets show appreciable differences. The TC* transition layer has its maximum frequency
around 360 K and spans 340-380 K. The frequency of the Kunming transition layer peaks near 370K and
spans approximately 360-390 K. There is a smaller group of parcels distributed below 350K (cyan section in
Figure 8). This segment consists of measurements from a single sounding obtained on 7 August (cyan in the
tracer space and profiles in Figure 5). As we discuss later, there is a clear indication that these measurements
sampled a midlatitude stratospheric filament.

Note that the use of cutoff values for stratospheric and troposphere tracers is a simplified scheme compared
to the method presented in Pan et al. [2004], where the relationships of tracers that belong to selected
stratospheric/tropospheric air masses are further modeled by a linear or quadratic function. In that case, the
air parcels belonging to the compact relationship, often called stratospheric or tropospheric “branch” in
the L-shaped relationship, are filtered by using standard deviation from the fit to the function. We were able
to employ a simplified cutoff in these analyses because the relationship is very compact and linear within the
range of interest for these data. Also note that these cutoff values are based on the local measurements.
Although these values are representative, we do not consider them to be universally applicable. The specific
criteria for identifying stratospheric and tropospheric background should be derived using specific data sets
that are relevant to the given investigation.

5. Transition Layer Relative to the Thermodynamical Boundaries

To relate the tracer-defined transition layer to the thermal structure, we aggregate the identified transitional
air masses in vertical coordinates relative to the critical levels in the thermal structure. Figure 9 shows the
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Figure 9. Distributions of transition layer air mass in relative altitude coordinates. Left column show the distribution of tran-
sition layer (purple/cyan in Figure 8) relative to the LMS. The right column show the transition layer relative to the CPT. The
top row shows the result from the TC* data set. The bottom row shows result from the Kunming data set. The contribution
to the transition layer from 7 August profile is shown in cyan.

distribution of transitional air mass in relative coordinates to the two critical levels, CPT and LMS, for both
data sets. There are a number of ways to display these distributions. We have chosen to show the transition
layer in the relative altitude space, i.e,, Z, and

Zy=Z-Zcpr or Zy =Z-Zys,

where Z is the geometric altitude of the measurements, and Zcpr and Z s are the altitudes of the
colocated CPT and LMS, respectively. Note that Z, is calculated individually for each profile, and it is a
different function of Z for each profile.

A clear message of Figure 9 is that the tracer-based transition layer is consistent with the thermally defined
TTL, i.e., the distribution of transitional air mass appear to be a compact layer in relative altitude coordinates,
the layer is largely confined within the LMS and CPT. This is especially clear in the case of the TC* data
where both the CPT and LMS mark the strongest discontinuity in the distribution. A subset of transition layer
points appears below the LMS in both data sets and will be discussed in more detail later in this section. Using
the full width at half maximum, the transition layer can be quantitatively described as approximately
spanning ~4 km above the LMS and ~3 km below the CPT.

Results for the Kunming data set are similar to the TC* results, neglecting the subset contributed by the
anomalous profile. The transition layer appears to be compact relative to both CPT and LMS, with a 3-4 km
width. However, the transition layer appears to be approximately 1 km above the LMS and arguably 0.5 km
below the CPT. This difference poses a question of how the thermodynamic structure and the convective
outflow level differ between the ASM and the deep tropics.

The air mass associated with the anomalous profile (see cyan points in Figure 5) is identified by the cyan
distribution in the bottom left panel of Figure 9. Note that this section of the distribution is entirely below the
LMS. These air parcels are controlled by a different dynamical process, as revealed by the 200 hPa potential
vorticity field (Figure 10) for 7 August 2009 (the day of sounding). A stratospheric filament, represented by
the PV > 1 potential vorticity unit (PVU) feature, is spinning off from a wave-breaking event over northeastern
China. The sounding sampled an extremely dry middle to upper troposphere with enhanced ozone

under the influence of this midlatitude intrusion. In this case, the upper tropospheric air masses depart from
the background distribution due to mixing of upper tropospheric and midlatitude lower stratospheric air.
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Figure 10. The 200 hPa PV field for August 7. A streamer of PV > 1 PVU over Kunming provides the dynamical background

for the anomalous profile. Black contours represent the 200 hPa geopotential height (GPH, km) field, and wind vectors are
shown in purple.

This air mass is below the local LMS, because the formation of this mixed stratosphere-troposphere air mass is
driven by large-scale stratospheric dynamics rather than convection. This example also highlights the fact
that the vertical profiles from the sounding data often reflect the influence of a 3-D flow. Therefore, tropical
measurements can sometimes show the influence of the extratropics, which is especially true for the ASM
region [Konopka et al., 2010]. The process is also prevalent in the eastern Pacific during northern winter
season [Waugh and Polvani, 2000; Marcy et al., 2007].

We also examined profiles that contributed to the distribution of transitional air below the LMS in TC*
soundings. Although there were hints of similar influence, no clear evidence was found. The uncertainty of
the LMS determination may be a factor, since the calculation of the LMS involves derivatives of fairly noisy
data. Regardless of this uncertainty, we do not expect the CPT and LMS to be the “perfect” boundaries of air
mass transition. The relative altitude distributions show that they capture the primary processes that control
the air mass transition. There exist other processes, such as gravity waves and Rossby wave breaking in the
quasi-isentropic directions, that may offset the thermal and tracer structures.

6. The Sensitivity of Results to the Choice of Tracer Cutoff Values

The use of tracer relationships is a well-developed method in stratospheric dynamics research. There is a long
history of observations and a well-established theoretical framework [for review, see Plumb, 2007]. The
application of the method in the UTLS, on the other hand, is largely empirical. The theoretical framework is
lagging. A strong contrast between the stratospheric application and the UTLS work is that in the former
relationships between the “long-lived” tracers are the main devices. In the latter, the chemical transition at
the tropopause is best shown using a pair of stratospheric and tropospheric tracers, which can be of a range
of lifetimes, from medium to short-lived, depending on the question under investigation. It is the sharp
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Figure 11. Sensitivity of transition layer determination
to the tracer cutoff values. The analysis used the Tt
data. The shaded distributions are the same as those
shown in Figures 8 and 9. The red and cyan histograms
show the distribution in potential temperature coordi-
nates and the relative altitude to LMS and CPT, using a
set of greater (red), and a set of lesser (cyan) background
cutoff values, as specified by the color-coded legend.

change in the tracer’s source strength that largely
determines the gradient of the tracer’s mixing ratio
across the tropopause.

As an empirical method, the subjective choice of
parameters, such as background cutoff values in the
tracer space, based on trial and error is part of the
analysis. Although the selection has a subjective
component (inspection of the tropospheric ozone and
the stratospheric water vapor distributions as discussed
in section 4 for example), it should not be treated as
arbitrary. A few conceptual considerations are
discussed below.

When we initiate the background selection using the
distribution of O3/H,0 below/above the CPT, the
statement has been made that we have chosen to
examine the transition between the two layers
(troposphere and stratosphere) that share the CPT as an
imperfect boundary. The clear isolation of the two
groups of air mass (as indicated by the near-Gaussian
distribution) indicates that the boundary is physical and
is able to maintain an air mass discontinuity. On the
other hand, the lack of clear separation between the
Gaussian and the tail in the distribution is a sign that the
boundary is not robust and too diffusive (this is often the
case in low-resolution large-scale models). For more
discussions of how the tropopause definition should
reflect the discontinuity in the air mass, see Danielsen
and Hipskind [1980].

Using the TC* data as an example, there is a clear
separation between the Gaussian and the tail. However,
the question of how sensitive results are to the choice of
separation points remains. Figure 11 provides the results
of sensitivity tests in which we compare the cutoff values
used in the study (5.5 ppmv for H,0, 80 ppbv for O3) to
a set of “greater” (6 ppmv, 85 ppbv) and a set of “lesser”
(5 ppmyv, 75 ppbv) cutoff values. As demonstrated in the
figure, the distribution of transition layer air in the
potential temperature space shows no characteristic
change, i.e,, the center and the width of the distribution
are not changed, using the greater cutoff values. The

lesser cutoff values produced a slightly wider distribution of the transition layer (by about 10K), which
does not change the conclusion that the transition layer lies between ~340 and 380 K. In the relative altitude
space, neither of the cutoff values produces characteristic change. The transition layer remains very compact
with respect to the two dynamical boundaries. The LMS and CPT still represent the lower and upper
boundaries of the tracer-based transition layer. Although not shown, similar results are found for the

Kunming data analyses.

7. Conclusions and Discussions

Tracer relationships have been effective diagnostic tools for identifying chemical transport and transport
boundaries. In this work, we demonstrate the application of this method for characterizing a chemically
“measurable” TTL and to examine whether the thermally and dynamically defined TTL boundaries mark the
discontinuities of chemical composition. Our results show that the transition from troposphere to
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Figure 12. Schematic of TTL based on the thermal structure and chemical
tracer relationships. The schematic highlights the change of O3 and H,0 at
the two critical levels in the thermodynamic structure—Os3 begins to
depart from its tropospheric background value at the LMS, and H,0
reaches its stratospheric background value near the CPT. The transitional
air masses, as identified by the tracer-relationship, are well correlated with
the LMS and the CPT.

stratosphere in the tropics can be
clearly identified using the O3 and H,O
relationship. The results also show that
the transition layer so identified is well
correlated with the proposed TTL using
the thermal definition [Gettelman and
de F. Forster, 2002].

The main goal of this study, however,
is not about providing another set of
TTL boundary definition but to better
understand the two existing
conceptual models of TTL. The
consistency between the tracer-
identified transition layer and the
thermal definition demonstrates that
the transition from convectively
dominated tropical upper troposphere
to radiatively dominated tropical lower
stratosphere is reflected in not only the

temperature and static stability profiles

but also the chemical composition
profiles. Figure 12 provides a schematic that highlights the key elements in this finding. These results
furthermore suggest that the TTL so defined is a physically measurable layer and validate the controlling and
maintenance mechanisms proposed by Thuburn and Craig [2002] in model studies.

This consistency of the chemical tracer-based transition layer with the thermal definition of the TTL does
not invalidate the mass-flux definition of the TTL, which emphasizes the role of the TTL as a transport
boundary. This exercise does, however, indirectly demonstrate the difficulty of connecting the mass-flux
TTL with direct measurements, since the mass-flux TTL boundaries are not defined using local and
instantaneous variables.

The results of this work also serve to connect the tropical transition layer (TTL) and the extratropical transition
layer (EXTL). The combined analyses using tracer-tracer relationship and the dynamical boundaries have
shown that in the extratropics, the thermal tropopause marks the center of the ExTL [Gettelman et al., 2011]. It
is interesting to see that in the tropics, the similarly identified transition layer is associated with two
dynamical boundaries: The CPT (a thermal definition of the tropical tropopause) marks its upper boundary
and the LMS marks its lower boundary. This difference adds to the understanding that there are significant
differences between the tropics and the extratropics in what processes control the transition from
troposphere to stratosphere.

In this work, we used the Os-H,O0 relationship because this tracer pair is available from balloon soundings that
cover a sufficient vertical range of lower stratosphere, which is necessary for identifying background
stratosphere in the tropics. It would also be beneficial to examine other tracer pairs, such as the 03-CO
relationship. Since H,0 has a significant sink in the tropopause region (dehydration), it would be interesting
to see what new insight the O3-CO pair may provide. Currently, high-resolution Os-CO profile measurements
in tropical UTLS are difficult to obtain. Future campaigns with new instrument technology and new platforms,
including unmanned aerial vehicles, may make this analysis possible.

Using the Kunming measurements, we have shown that the transition layer in the ASM region shares
similarities with that in the deep tropics, i.e., the tracer-identified transition layer in this region is also
bounded by the CPT from above and the LMS from below. This result indicates that the UTLS chemical
structure in the ASM region is tropical-like, as opposed to the extratropical UTLS structure where the
transition layer (EXTL) is centered at the tropopause [Gettelman et al., 2011]. The transition layer over ASM is
centered at a higher potential temperature. This higher level of ASM transition layer is consistent with
previous analyses [Highwood and Hoskins, 1998; Dethof et al., 1999] that suggest the ASM as an alternative
transport pathway for water vapor and tracers to enter tropical stratosphere. How this pathway competes
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with the TTL is an area of active ongoing research [e.g., Randel et al., 2010; Ploeger et al., 2013]. Our result
also indicates that the ASM transition layer, although qualitatively consistent with the TTL, may have different
characteristics, i.e., is likely to have the influence of extratropical processes as shown in Figure 10. Due to
the limitation of a small data set, we defer a more conclusive comparison to further analyses in future using
more observations.

The two data sets used in this work serve to demonstrate the concept and test the method. In many
respects, since the statistical base for this study is small, the results here are preliminary and prone to
overinterpretation. It is desirable to expand this analysis to all available ozonesonde/CFH data sets. There
are an increasing number of these data sets with planned future launches. Statistical behavior with a
larger sample size is important for determining the TTL climatology. Characterization of the seasonal and
longitudinal variability may also bring new insight into the controlling and maintenance mechanisms of
the TTL.

Appendix A: A List of Acronyms

TTL tropical tropopause layer and tropical transition layer

LMS level of minimum stability

CPT cold point tropopause

LRT lapse rate tropopause

STT secondary tropical tropopause
UTLS upper troposphere and lower stratosphere or upper tropospheric and lower stratospheric
ASM Asian summer monsoon
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